Abstract: This paper presents a modeling and a controller design for a hybrid wind turbine generator with a battery storage system and a dumpload. The proposed control scheme is based on the robust tracking controller. In the simulation study, the proposed robust tracking controller (RTC) is compared with the conventional proportional-integral (PI) controller. Simulation results show that the RTC is more effective than the PI controller against disturbances caused by wind speed and load variation. Thus, better quality of the hybrid wind power system is achieved.
INTRODUCTION
In remote areas such as small islands, diesel generators are the main power supply. Diesel fuel has several drawbacks: it is expensive because transportation to remote areas adds extra cost, and it causes air pollution by engine exhaust. Providing a feasible economical and environmental solution to diesel generators is important. A hybrid system of wind power and diesel generators can benefit islands or other isolated communities and increase fuel savings. Wind is, however, a natural energy source that produces a fluctuating power output. The excessive fluctuation of power output adversely affects the quality of power in the distribution system, particularly frequency and voltage (Feris, 1990; Hunter and Elliot, 1994) .
A hybrid generation system is typically composed of a wind turbine coupled with an induction generator, a dieselgenerator unit, a dumpload, and an energy storage system. In this paper, the wind turbine having the induction generator operates in parallel with the diesel-synchronous generator unit, the battery storage system, and the dumpload.
When the wind turbine alone provides sufficient power to load consumption, the diesel engine is disconnected from the synchronous generator, and the synchronous generator acts as a synchronous condenser (Kunder, 1994) to provide reactive power compensation. The battery storage system (BSS) and the dumpload are used for frequency control by charging/discharging and absorbing the excess active power from the network while the excitation system in the synchronous generator is used for the voltage control. If the battery storage is fully charged, the excess power must be absorbed by the dumpload. If the battery storage is not fully charged, the excess power will be charged into the battery. In the latter case, both the dumpload and the battery storage system operate since the battery is subject to the charging speed.
Some publications are concerned with energy storage system and dumpload combined with a wind turbine in remote areas (Notton et al., 2001; Mufti et al., 2002; Nehrir et al., 2000; Bialsiewicz et al., 1998) . These works do not provide detailed dynamic models of the battery storage system and the dumpload for stability analysis. In this paper, a nonlinear mathematical model of a hybrid wind system is developed for the simulation purposes and for designing more effective controllers for power quality improvement.
Model predictive control (MPC) is a kind of a finite horizon optimal control implemented in the form of a receding horizon control. Since it provides with closed-loop stability and can effectively deal with constraints on the input or state, MPC has received much attention from both academia and industry (Morari and Lee, 1999; Mayne et al., 2000; Qin and Badgwell, 2003; Lee, 2011; Lim et al., 2012) . In this paper, a simple robust tracking controller (RTC) is designed in the absence of the input constraint using LMI technique. The RTC will play a central role in the robust tracking model predictive control (MPC) problem for input constrained systems with model uncertainties. This paper is organized as follows: the system model is examined in Section II. In Section III, reduced-order model and the robust tracking controllers are developed. In Section VI, simulations are conducted and conclusion is drawn in Section V.
SYSTEM MODEL

System Configuration
The hybrid wind system consists of the wind turbine having the induction generator (IG), the diesel engine (DE), synchronous generator (SG), a battery bank connected with a three-phase thyristor-bridge controlled converter, a dumpload, and the load. A three-phase dumpload is used with each phase consisting of seven transistor-controlled resistor banks. When wind generated power is sufficient to serve the load, the DE is disconnected from the SG by electromagnetic clutch, and the synchronous generator acts as a synchronous condenser.
The main purpose of the dumpload and the battery storage system (BSS) is to regulate the system frequency. The SG (with/without diesel) is used for reactive power control that is achieved by the excitation system to regulate voltage. The SG also contributes the reactive power to compensate for the induction generator. A current source converter is used for the battery storage system because the charging current can be critical to the battery life. A smooth charging can be achieved using a large inductor in the DC bus minimizing the current fluctuation. Moreover, current source converter is simpler than a voltage source converter. Fig. 1 shows the overall configuration of the hybrid wind system: C a is the capacitor bank, Q d is the fuel flow rate at the governor chamber valve, E fd is the excitation field voltage, f is the frequency, V b is the bus voltage, L filt is the AC side filter inductance, C filt is the AC side filter capacitance, V c is the AC side voltage of the converter, and P BS is the battery power. P dump is the dumpload power, and r dump is the dumpload resistance. 
Components Models
The models of the generators are based on the standard Park's transformation (Krause et al., 1986 ) that transforms all stator variables to a rotor reference frame described by a direct and quadrature (d-q) axis. The set of SG and IG equations are based on the d-q axis in accordance with International Electrotechnical Commission (1975) .
The nonlinear mathematical model of the hybrid wind system is derived and given in detail in Ko et al. (2004 Ko et al. ( , 2007 . The following considerations are taken into account to identify component models: the electrical system is assumed as a perfectly balanced three-phase system with pure sinusoidal voltage and frequency. High frequency transients in stator variables are neglected, which indicates that the stator voltage and currents are allowed to change instantly, because this paper is focused on the transient period instead of subtransient period. Damper-winding models are ignored because their effect appears mainly in a grid-connected system or a system with several synchronous generators running in parallel. The different component models are of equal level of complexity.
3. ROBUST TRACKING CONTROLLER DESIGN 3.1 Control Structure Fig. 2 depicts the input and output relationship of the hybrid wind system from the control point of view. The control inputs are the excitation field voltage (u 1 ) of the SG, the fuel flow rate at the governor chamber valve (u 2 ), the battery power (u 3 ), and the dumpload power (u 4 ). The measurements are the voltage amplitude (y 1 ) and the frequency (y 2 ) of the AC bus. The wind speed (v 1 ) and the load (v 2 ) are considered to be disturbances. From the control point of view, this is a coupled 4×2 multi-input-multi-output nonlinear system, since every input controls more than one output and every output is controlled by more than one input.
The structure of the hybrid wind system control.
Reduced-order Model
Since the nonlinear model presented in Ko and Jatskevich (2007) 
The control inputs are the field voltage (E fd ), the fuel flow rate at the chamber valve (Q d ), the battery power (P BS ), and the dumpload power (P dump ). The outputs are the voltage (V b ) and the frequency (f =ω s ).
In (1), the air gap torque of the synchronous generator T s can be represented as
where P s , P load , P ind , and P BS are the power of the synchronous generator, the load, the induction generator, and the battery storage system, respectively. P dump is the dumpload power and s ω is the angular speed, which is proportional to frequency f.
Applying (2) 
At a local operating point, flux linkage ψ f in (3) can be represented in terms of the bus voltage and the frequency based on the assumption that the rate of change of voltage is a linear combination of rate of change of rotor flux and angular speed of the SG: 
Note that the reduced-order model (5) The objective of the control design is to regulate the output [ ] y k to the reference signal (thereby [ ] y k r → ). In this paper, the robust control law is adopted for discrete-time model (6) (Lim et al., 2012) :
Note that the dynamics of the control law can be rewritten as
In view of (6) and (8), the closed-loop dynamics read
Supposed closed-loop system (9) 
Then, subtracting the steady-state relation (12) from (9) yields the error dynamics
In this paper, a method is presented to determine the stabilizing gain K and L such that the closed-loop system (13) is asymptotically stable using LMI. Lemma 1 is instrumental in deriving the main result of the paper.
Lemma 1 (Oliveira et al., 1999) . The origin of system (13) is asymptotically stable if and only if there exist a matrix
which holds if there exists a matrix G such that
□ In order to find the matrices P, G, K, and L satisfying (14), it is required to solve a LMI (Linear Matrix Inequality).
Consider the control law
It is easy to see that both control laws (7) and (16) have a common transfer function matrix from x to u. Using the equations (6), (12), and (16), the closed-loop system is expressed as follows
where
Then, the problem of finding stabilizing gains K and L boils down to a standard state-feedback stabilization problem. Therefore, the gains can be obtained using the well known feedback design methods.
Lemma 2 (Kothare et al., 1996) . The origin of the closedloop system ( )
is asymptotically stable if there exist a matrices 0
can be effectively obtained from (18) and (19) 
EVALUATION BY SIMULATION
System Parameters
The system under study consists of a horizontal axis, 3-bladed, stall regulated wind turbine with a rotor of 16.6 m diameter, that runs an induction generator (IG) rated at 55 kW. The IG is connected to an AC bus in parallel with a diesel-synchronous generator unit that consists of a 50 kW turbocharged diesel engine (DE) driving a 55 kVA brushless synchronous generator (SG). Nominal system frequency is 50 Hz, and the rated line AC voltage is 230 V (Uhlen et al., 1994) . The battery storage is connected to the AC bus through a thyristor-bridge controlled current source converter rated at 55 kW. A load is rated at 40 kW. The inertia of the IG is 1.40 kgm 2 , and the inertia of the SG is 1.11 kgm 2 . The three-phase dumpload is used where each phase consists of 7 transistor-controlled resistor banks with binary resistor sizing in order to minimize quantum effects and provide near linear resolution.
The control gain K and L were determined by solving the LMI (15) 
For the wind-diesel system, the wind-battery storage system, and the wind-dumpload system, the controller design parameters for the PI controllers of the governor, the excitation system, the converter, and the dumpload are set with the proportional gain 30 and the integral gain 90. The time-step size for overall simulation is 1ms.
Hybrid Wind Power System Control
This simulation is to examine how the battery storage system (BSS) and the dumpload work for better frequency control, and how they contribute the voltage control with the excitation system in the SG. Fig. 3 shows the wind speed.
While the DG is shutdown, the load is changed from 38 kW to 25 kW at 5 sec. During the transient period from 5 sec. to 6 sec., the battery bank is charged with the speed of 700 W/sec. In the steady state, the battery is charged in 2 W/sec. Fig. 4 and Fig. 5 show the comparison of the active power of the IG, load, the dumpload, and the battery storage. It is observed that the proposed RTC has much faster response to the disturbance compared to the PI control. Fig. 6 and Fig. 7 show the comparison of the responses of the frequency and the voltage. Compared to the PI control, the frequency response of the RTC is excellent except for a slight bias from the nominal frequency, while the voltage response is slightly excellent compared to the PI control. From the simulation study, the proposed controller achieves the smoother and tighter power quality control in terms of the frequency, wind generator power, diesel generator power, battery power and dumpload.
The sluggish response of the voltage suggests that there is a room for further improvement in the robust tracking control. For a future work, a robust tracking model predictive control (MPC) is planned to further compensate for the effect of the model uncertainties of the reduced and discretized model as well as the uncertainties of the wind speed. 
CONCLUSIONS
In this paper, the robust tracking controller is presented for the study of the power quality of the hybrid wind power system. The derived simulation model including the reducedorder model can be applied for different hybrid wind power system configurations for study of power quality control. The proposed control scheme provides more effective control for the system to achieve better power quality, which is demonstrated by smooth transition of frequency, wind turbine generator, diesel generator, battery charge and dumpload. Thus, the usefulness of the robust tracking control is demonstrated in this paper. For a future work, the robust tracking MPC will be designed for the hybrid wind power system to further compensate for the effect of the model uncertainties of the reduced and discretized model as well as the uncertainties of the wind speed.
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